Full-dimensional quantum dynamics calculations on ArI 2 (B,v i ) vibrational predissociation with total angular momenta Jϭ0, 1, and 2 are presented. Models based on a few interacting states are shown to reproduce important aspects of the dynamics, confirming that vibrational predissociation is mediated by a few-state intramolecular vibrational energy redistribution effect. As a consequence, vibrational predissociation rate constants exhibit large oscillations with v i , the initial I 2 vibrational quantum number in the complex. The qualitative effect persists when alternative choices for the interaction potential parameters are considered. Similarly, despite the importance of Coriolis coupling, the effect persists as J is varied from 0 to 2. We also discuss how the effect may be difficult to observe in typical experiments that involve higher J values.
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I. INTRODUCTION
Photodissociation and relaxation of I 2 surrounded by Ar atoms is a simple model for chemical dynamics in condensed media. [1] [2] [3] [4] [5] [6] [7] [8] We focus on dynamics of the simplest limit, the triatomic van der Waals ͑vdW͒ complex ArI 2 . When I 2 is excited to the B electronic state, [1] [2] [3] [4] vibrational predissociation ͑VP͒, VP is transfer of vibrational energy from I 2 to the ArI bonds which subsequently break. EP involves transitions between electronic states and can be viewed as intersystem crossing. Burke and Klemperer, 4͑b͒ measured the VP efficiency ͑VPE͒, the VP rate divided by the total ͑vibrational plus electronic͒ predissociation rate for ArI 2 . The VPE oscillates with v i ͑Refs. 1, 2, and 4͒ and Burke and Klemperer suggested that the oscillations are due to EP induced by the presence of the Ar atom. A recent wave packet study 9 is also consistent with EP in ArI 2 being oscillatory. Combining their VPE data and real-time measurements of the total predissociation rate, 3 Burke and Klemperer obtained rates for the two processes in Eq. ͑1͒.
4͑b͒ Furthermore, they showed that the fluorescence intensities for the ground and first two excited vdW levels are qualitatively similar as a function v i which they associated with the absence of intermediate resonances in the VP process. 4͑b͒ Based on their results, they conjectured that, in contrast to EP, the VP rate increases smoothly with v i in agreement with the energy gap law. 10, 11 A question still to be resolved is whether it is theoretically possible for the ArI 2 VP rate to vary monotonically with v i . When transfer of one vibrational quantum from the diatom is enough to break the vdW bond, the VP rate increases smoothly with v i . 10, 11 However, when more than one vibrational quantum is needed to break the vdW bond, intramolecular vibrational energy redistribution ͑IVR͒ competes with direct coupling to the dissociative continuum. The initial zero-order bright state is then coupled to a manifold of zero-order dark states and VP depends strongly on the density of states of the dark manifold. 12, 13 For high densities, the dark states behave as a continuum and the VP rate is expected to increase smoothly. 12, 13 For low dark state densities, however, VP strongly depends on energy differences and couplings between bright and dark states. Examples include NeI 2 ͑Ref. 14͒ and ArCl 2 ͑Ref. 15͒. VP in ArCl 2 ͑Ref. 15͒ can occur via sequential transfer of two vibrational quanta from Cl 2 to the vdW modes, with a dark state intermediate. Janda and co-workers used this to explain how experimental Cl 2 rotational distributions are structured and sensitive to v i . 15 In ArI 2 three vibrational quanta are needed to break the vdW bond and a sequential mechanism is likely. Timedependent quantum studies of ArI 2 VP with zero total angular momentum ͑Jϭ0͒ indicate a few dark states mediate the dissociation, 16, 17 and the VP rate oscillates with v i . 17 These results appear to conflict with the conclusions reached based on the experimental work 4͑b͒ discussed earlier. The experiments involve nonzero J states, so it is natural to suspect J plays an important role. Often VP rates are not very sensitive to J. 18 However, when VP is mediated by IVR with excited dark states there may be strong couplings between rotational and vibrational motion. 15͑b͒ The energetics of ArI 2 is such that dark states with a lot of bending excitation occur. Coriolis coupling is probably important and a rigorous, but computationally intensive treatment, is required. We present such a treatment using time-independent and time-dependent quantum dynamics methods, for several values of J. We also use IVR models based on a few interacting states to interpret our results, and consider the sensitivity of results to potential parameters.
Section II outlines methods. Section III discusses Jϭ0 resonances and IVR model results. Details of the models are in the Appendix. Section III also shows how resonance widths depend on the potential parameters. Section IV presents JϾ0 results, IVR model results, and compares with experimental data. Section V concludes the paper.
II. THEORY
We study resonances associated with complexes on the ͑first excited͒ B electronic state, which dominate the VP dynamics. The Hamiltonian is
͑6͒
M and ⍀ are projections of total angular momentum on the z axis of the space-fixed and BF frames, respectively, pϭϮ1 is parity under nuclear coordinates inversion and c ⍀ ϭ͓2͑1ϩ␦ ⍀0 ͔͒ Ϫ1/2
. r ϵ͑,͒ denotes polar angles for r in the BF frame and R ϵ( R , R ) denotes polar angles for R in the space-fixed frame. D M ⍀ J * and Y j⍀ are Wigner functions and spherical harmonics. 20 Scattering wave functions consistent with (v, j,⍀) final states are
where the coefficients v Ј j Ј ⍀ Ј J,v, j,⍀ are solutions with ''incoming'' boundary conditions 15 of Absorption cross sections can be approximated from the square of the overlap of B state scattering wave functions with bound states of the X state. In order to simply determine the relevant B state resonances, it suffices to examine the square of the overlap of the B state scattering wave functions with discrete states associated with the very same B state. In such vdW systems, the X and B interaction potentials are sufficiently similar that the discrete states associated with the B state are similar to the bound states associated with the X state. The discrete states are 15 
⌽ vn
where k (R) is a suitable ͑e.g., harmonic oscillator͒ basis set. Introducing Eq. ͑9͒ into the time-independent Schrö-dinger for H v in Eq. ͑5͒ leads to a Hamiltonian matrix that is diagonalized to yield the discrete states. The relevant squared overlaps, which we call spectra, are
͑11͒
To obtain estimates of the resonances associated with an initial excitation v i in I 2 , and n i in the vdW degrees of freedom, we consider A vϭv i ,nϭn i J (E). ͑Most work focuses on the ground vdW excitation n i ϭ0, although for Jϭ0 we give some n i ϭ1 results.͒ The I 2 product distribution associated with a resonance near energy E is
where v i ,n i is the main discrete component of the resonance and vЈрv i Ϫ3 due to the relatively large vdW bonding energy ͑Ϸ222 cm The wave packet ⌿(t) is
with the v j⍀ J (R;t) satisfying
The time-dependent probabilities for different (v, j,⍀) channels are
Summing Eq. ͑17͒ over j and ⍀ yields I 2 vibrational probabilities. For closed vibrational channels, a given vibrational probability can initially oscillate, reflecting internal transitions, but tends to zero in the long time limit. Open channel probabilities first increase monotonically with time and then become constants in the long time limit. The sum of the probabilities over the open channels ͑vрv i Ϫ3͒ is directly related to the dissociation probability. The Hamiltonian matrix elements factor into four uncoupled blocks, 22 23 to solve the time-independent equations, Eq. ͑8͒, and the Lanczos method 24 to solve the time-dependent equations, Eq. ͑16͒. The grid for the time-independent equations consists of 1500 points between Rϭ2 and 15 Å. A coarser grid of 128 evenly spaced points in the same range suffices for the timedependent calculations. 16, 17 Wave packet amplitude approaching the outer edge of the R grid is removed via periodic absorption in real time. 16, 17 ͑Somewhat smaller grids with absorption closer to the interaction region could probably also be used͒. Note that the vibrational probabilities are given by the instantaneous evaluation of Eq. ͑17͒ plus the accumulated probability lost via absorption. 16 One energy for a Jϭ0 time-independent run requires 5-10 CPU minutes on an IBM RISC 6000 workstation, but 25-100 energies are needed to characterize all the relvent resonances in a given v i excitation region. Several CPU hours are thus required to study a particular excitation v i . The Jϭ0 wave packet calculations are more time consuming, e.g., require 12-24 h for each v i . However, these calculations reveal information about resonances outside the range of the time-independent calculations, and allow mechanistic features to be easily seen. As J is increased from 0 to 2, the time-independent calculations become much more time consuming, scaling as roughly N
3
. The wave packet calculations tend to scale more favorably, roughly as N 2 . By Jϭ2, both types of calculations require roughly equal but substantial amounts ͑on the order of several days͒ of CPU time.
III. TOTAL ANGULAR MOMENTUM J‫0؍‬
A. Resonance properties Some Jϭ0 results have already been given. 16, 17 We present a more extensive list of resonances to serve as reference for modeling IVR mediated dissociation ͑Sec. III B͒, and for comparison with JϾ0 results ͑Sec. IV͒. We focus on the ground ͑n i ϭ0͒ and first excited ͑n i ϭ1͒ vdW states with jϭeven. The ground vdW resonance position is ϷϪ222 cm Ϫ1 relative to the energy of isolated I 2 (v i ). The first vdW excitation is roughly the stretching mode and is Ϸ23 cm Ϫ1 higher in energy. ͑There is also bending character present in this state because it is one component of a Fermi resonance. 17 ͒ The spectra show several peaks which arise from oscillator strength of the bright state, corresponding to v i , being shared with several zero-order dark states corresponding to v i Ϫ1 and v i Ϫ2. Normalized spectra are fit to a sum of Lorentzian functions,
, to infer the resonance positions E k , halfwidths ⌫ k , and relative weights w k . Tables I and II list results for n i ϭ0 and n i ϭ1, respectively. Analysis of wave packet autocorrelation functions with Prony's method 25 yields similar results. 17 ͑The main purpose of also carrying out wave packet calculations here is to obtain time-dependent vibrational probabilities.͒ For each v i in Tables I and II there is a dominant resonance with weight w i Ͼ0.5. Its halfwidth varies dramatically with v i suggesting VP mediated by IVR. In order to analyze the energy flow pathways and verify the IVR picture, we show how IVR-based models with just a few parameters reproduce the spectra and time-dependent probabilities.
B. Analysis of the VP dynamics using IVR models
VP in ArI 2 requires loss of at least three I 2 vibrational quanta. Several mechanisms are possible: direct dissociation,
and the more probable dissociation mediated through IVR, for which we distinguish between a sequential mechanism
and more complicated patterns
We analyze some n i ϭ0 resonances from Table I . ͑A similar analysis applies equally to the n i ϭ1 resonances.͒ In Table I , the maximum mixing occurs for the case v i ϭ21. An estimate of the direct dissociation contribution is obtained by carrying out calculations with ⌬vϭ1 couplings neglected. For v i ϭ21 a width of Ϸ10 Ϫ7 cm Ϫ1 is found, which is 5 orders of magnitude smaller than the exact width. We thus neglect the contribution of Eq. ͑18͒ in modeling the dynamics. We use a model based on three coupled zero-order states, each associated with a well defined vibrational quantum number v. As described in the Appendix, the model parameters are chosen to reproduce the main features of both the spectrum and time-dependent probabilities. Parameters for this model are in Table III, 
2 relative to the I 2 potential minimum with the Morse parameters of Ref. 16 . Table I caption for additional details. Table III suggests that v i ϭ21 is a case where the more complicated Eq. ͑20͒ mechanism competes with the sequential mechanism Eq. ͑19͒. At the other extreme are cases such as v i ϭ19, n i ϭ0, where IVR mixing is much smaller, giving rise to a main resonance with w i Ͼ0.95. This happens when there is accidentally relatively poor energetic alignment between zeroorder bright and dark states. Due to the small mixing, the direct VP mechanism might be expected to compete with VP mediated by IVR. However, a three-state model similar to that used for v i ϭ21 describes the v i ϭ19 situation reasonably well. The results are similar in spirit to those for v i ϭ21, so we do not display them. Such a model involves no contribution from a direct VP mechanism.
For v i ϭ18, n i ϭ0 the IVR picture is again operative, but the simple picture of three coupled states is less adequate and a five state model is necessary. As outlined in the Appendix, the fitting procedure is simplified by using a first-order model based on linear combinations of zero-order states. Parameters used in the first-order model are in Table IV . Figure  3 shows numerical and model spectra. ͑The model uses two overlapping resonances, iϭ3 and 4 in Table IV , to describe a broad, asymmetric resonance feature near Ϫ222.5 cm
Ϫ1
.͒ Figure 4 shows the numerical and model I 2 time-dependent probabilities, which are also in good agreement. ͑One cannot easily extract intermediate v i Ϫ1 and v i Ϫ2 probabilities out of our first-order model. The model results in Fig. 4 are thus only the vϭ18 and 15 probabilities.͒
C. Effect of the ArI 2 (B) interaction potential surface
In our work we take the ArI 2 (B) potential to be . However, other parameters can be chosen to be consistent with this limited data. Assuming Eq. ͑21͒, we investigate the sensitivity of our results to the V ArI parameters. Figure 5 displays the main resonance halfwidths for Jϭ0, n i ϭ0 resonances obtained with the various potential parameters in Table V . While decay widths can differ by an order of magnitude or more when using alternative parameters, it is still the case that strong oscillatory behavior is observed. The details of the interaction potential alter the positions and number of the zero-order bound states and their couplings, so changes in the parameters produce variations in VP widths. However, it is difficult to avoid non-monotonic behavior in ⌫(v i ) for Jϭ0 because the density of dark states remains low when the potential is described by Eq. ͑21͒. Monotonic VP rate constants should result if the density of dark states and associated couplings are sufficiently large to bring about a statistical IVR limit. 12, 13 State densities and couplings can also be altered by total angular momentum, as we show in Sec. IV.
IV. EFFECT OF OVERALL ROTATION
A. Rotational structure of the ArI 2 (v i ) discrete states
We discuss the ArI 2 rotational energy states, in a fashion similar to a previous treatment of ͑rare gas͒-Cl 2 systems. Table VI are consistent with a rigid asymmetric rotor with a slight oblate tendency. Consider rigid T-shaped ArI 2 in the x-y plane with origin taken to be the center of mass. Placing Ar on the y axis and I atoms parallel to the x axis, the x, y, and z axes are associated with the a, b, and c principal axes. 20 Employing average distances for ground vdW stretching motion and I 2 ͑v i ϭ21͒, ͗R͘ϭ7.4 a.u. and ͗r͘ϭ6.26 a.u., we find rota-
. The asymmetry parameter is 20 ϭ(2BϪAϪC)/(AϪC)Ϸ0.2. Since ϭϩ1 in the oblate limit and ϭϪ1 in the prolate limit, rigid ArI 2 is only marginally in the oblate limit. There are 2Jϩ1 asymmetric rotor levels for a given J, and Table  VI shows, for both Jϭ1 and 2, two clumps of 2Jϩ1 relatively closely spaced discrete levels. The lowest energy clump of levels near Ϫ222 cm Ϫ1 corresponds to zero-point motion in the vdW degrees of freedom. The higher energy clump near Ϫ208 cm Ϫ1 corresponds to asymmetric rotor structure superimposed on the first excited vdW bending state. There is a rough oblate structure within clumps. Oblate symmetric top energy levels increase with K c ϭJ,JϪ1,. . .,0 and, except for the highest K c ϭ0 level are doubly degenerate. K c is magnitude of the projection of total angular momentum on the c-axis, which is out of the molecular plane.
Similar patterns, but with broken degeneracies, are seen in Table VI .
The level patterns within clumps are described quantitatively with a general rigid asymmetric rotor model, 20 which leads to a ͑2Jϩ1͒ϫ͑2Jϩ1͒ Hamiltonian matrix
where we assume zero-order rotor states KϭϪJ, ϪJϩ1,. . .,J that are eigenstates of the c-axis angular momentum operator. It is straightforward to numerically diagonalize Eq. ͑22͒. For low J the eigenvalues of Eq. ͑22͒ are also tabulated. 20 The last column of Table VI corresponds to these rigid asymmetric rotor levels, which agree very well with the actual discrete levels.
We now compare asymmetric rotor eigenvectors with the corresponding discrete state eigenvectors. K c is the absolute magnitude of K, and so the relative contribution of K c in an eigenstate is the sum of the squares of the associated KϭϮK c components of the eigenvectors of Eq. ͑22͒. For Jϭ1, the lowest two asymmetric rigid rotor levels are purely K c ϭ1 states and the highest level is a pure K c ϭ0 state. For Jϭ2, the lowest rotor level is approximately a 95/5 mixture of K c ϭ2/K c ϭ0, the next three levels are pure K c ϭ2,1, and 1 states, and the highest level is a 5/95 mixture of K c ϭ2/K c ϭ0. The eigenvectors are thus close to what would be expected from an oblate limit. K c is not the same as ⍀ used in our dynamics work. ⍀, the projection of total angular momentum on R, is more akin to the projection of total angular momentum on the b axis, K b . To infer the corresponding K b decomposition, we redo the rigid rotor calculations with the b-axis and c-axis rotational constants exchanged. The same energy levels result, but eigenstate decompositions are consistent with K b . The Jϭ1 levels, in increasing energetic order, correspond to pure K b ϭ1, 0, and 1 states. The Jϭ2 levels correspond to a 55/45 mixture of K b ϭ0/K b ϭ2, pure K b ϭ1,2, and 1 states, and finally a 45/55 mixture of K b ϭ0/K b ϭ2. With minor differences of less than 1%, the actual discrete state levels, when analyzed in terms of ⍀, agree well with the rigid rotor estimates based on K b . For example, our lowest Jϭ2, v i ϭ21 discrete state is 54.7% ⍀ϭ0, 0.5% ⍀ϭ1, and 44.8% ⍀ϭ2, with the small amount of ⍀ϭ1 due to Coriolis coupling.
B. J>0 quantum dynamics
Our main results focus on resonances pertinent to various excitations v i and the lowest levels of either the eϪ ͑Jϭ1͒ or eϩ ͑Jϭ2͒ symmetry blocks ͑Sec. II͒. ͑For Jϭ1 we also briefly mention some results for other relevant symmetry blocks.͒ For Jϭ1, the discrete eϪ state is the 1 11 and comparing with a full treatment with ⍀ϭ0 and 1 Coriolis coupled. ͑The Jϭ1eϪ initial state is Ϸ99.9%⍀ϭ0.͒ The halfwidth of the main resonance is 0.0097 cm Ϫ1 in helicity decoupling and 0.018 cm Ϫ1 in the full dynamics. The factor of 2 discrepancy suggests helicity decoupling is not well suited to this problem. This is further illustrated in Fig. 6 , which compares helicity decoupled and full dynamics spectra.
We must study VP in ArI 2 including all possible ͑Corio-lis coupled͒ ⍀. Results for Jϭ1 ͑eϪ block͒ are in Table VII and results for Jϭ2 ͑eϩ block͒ are in Table VIII Tables I, VII , and VIII. The differences are likely due to changes in the nature of participating dark states in the IVR. We show below that ⍀ mixing in these states due to Coriolis coupling is very important.
We often find in Tables VII and VIII three or four resonances in each v i excitation regime, just as with Jϭ0. The numbers of dark states participating for Jϭ1 and 2 are comparable to Jϭ0, and the IVR models of the Appendix are applicable. Typically, the first-order model with four bound states suffices to describe the Jϭ1 and 2 results. ͑For brevity, we do not display parameter values, which are similar in spirit to those in Table IV .͒ For example, numerical and model spectra for v i ϭ21 shown in Fig. 6 for Jϭ1 are in excellent agreement. The I 2 time-dependent probabilities are also described by these models and Figs. 7͑a͒ and 7͑b͒ display exact and first-order model probabilities for the v i ϭ21 and 18 initial states, respectively. Figure 8 shows the I 2 ͑v i Ϫ3͒ final rotational distribution for v i ϭ21, Jϭ1. Summed over j, the ⍀ϭ0 probability is 55% and the ⍀ϭ1 probability is 45%, indicating the two allowed ⍀ states are about equally populated. However, the detailed rotational distributions associated with each ⍀ in Fig. 8 are distinct. The initial Jϭ1 discrete v i ϭ21 state is an almost pure ⍀ϭ0 state. Since the potential does not couple states with different v and ⍀, the significant probability for ⍀ϭ1 is due to the presence of dark states with, in addition to an ⍀ϭ0 component, a significant ⍀ϭ1 component due to Coriolis coupling. A similar situation occurs for Jϭ2. The Jϭ2 initial states, in contrast to the Jϭ1 ones, are almost 50/50 mixtures of ⍀ϭ0 and 2, with a small amount ͑less than 1%͒ of ⍀ϭ1. However, the final I 2 ͑v i Ϫ3͒ rotational distribution has a significant ⍀ϭ1 contribution. For example, the v i ϭ18 resonance at EϭϪ221.917 cm Ϫ1 has final I 2 ͑v i Ϫ3͒ distribution with 37%, 54%, and 9% in ⍀ϭ0, 1 and 2, respectively. The appearance of large amounts of ⍀ϭ1 products in the Jϭ2 calculations, as in the Jϭ1 calculations, indicates darks states with significant ⍀ϭ1 components and Table I caption for additional details. Coriolis coupling are playing important dynamical roles. We also examined the time-dependence of the ⍀ contributions to the vibrational state probabilities, P v,⍀ . ͑Our figures show sums over all allowed ⍀ values, and so do not reveal the ⍀ dependence.͒ We do not display detailed results, but note that typically P v,⍀ϭ1 (t) show characteristic IVR beat patterns with the vϭv i Ϫ2 dark probability tending to be larger than the v i Ϫ1 one. This is also consistent with Coriolis coupling in the dark states being very important. Figure 9 displays the final I 2 ͑v i Ϫ3͒ rotational distribution for the v i ϭ21, Jϭ2 resonance, showing again different behavior for different final ⍀. The rotational distributions are more structured than those for Jϭ1. This suggests that the nature of the dark states participating in VP for Jϭ1 and 2 is different. As noted earlier, IVR models based on four bound states can also describe the Jϭ2 VP dynamics reasonably well. For example, Figs. 10͑a͒ and 10͑b͒ present numerical and model results for the spectrum and the I 2 vibrational probabilities versus time for the case v i ϭ18.
The aforementioned results are associated with one symmetry block for each J. Other symmetry blocks will contribute to experimental results. For Jϭ0 there are two relevant symmetry blocks, eϩ and oϩ. The lowest state of the Jϭ0, oϩ block is the vdW bend excitation, Ϸ14 cm Ϫ1 above the low lying eϩ levels studied in Sec. III. However, for Jϭ1 and 2, Table VI shows that other symmetry blocks are more relevant. For example, the ground vdW vibrational state for Jϭ1 consists of a clump of three very close levels ͑oϪ, eϪ, and oϩ͒. The calculations above focused only on the Jϭ1, eϪ case. For Jϭ2, the situation is more complicated, with all four symmetry blocks leading to energy levels associated with the ground vdW vibrational state. For Jϭ1 we performed dynamics calculations for v i ϭ18 -21 of resonance properties for the two other symmetry blocks ͑oϪ and oϩ͒ of relevance to the vdW ground vibrational state. We do not present detailed results but note that the qualitative IVR effect also occurs for these symmetry blocks ͑see also Sec. IV C͒. 
C. Vibrational predissociation rate constants
The experimental VP rate constant estimates are averages over various resonances in a v i excitation region, as well as averages over J. It is difficult to determine theoretical quantities that directly correlate with such data. Our main concern is to obtain an approximate idea of the effect of averaging. We define an average VP rate constant
where the sum is over resonances associated with a given I 2 excitation v i and vdW mode excitation n i . Equation ͑23͒ is an effective rate constant associated with bright state v i ,n i which, in turn, is composed of several resonances. It results from linearizing the approximate dissociation probability, 1Ϫ͚ k w k exp͑Ϫ2⌫ k t/ប͒, and is thus an initial decay rate. Of course, a single rate constant is not correct at moderate times, and in the long time limit the smallest ⌫ k dominates. Comparisons with time-dependent calculations show, however, that Eq. ͑23͒ provides a reasonable measure of the effective dissociation rate over the time scale ͑р200 ps from Figs. 2, 4, and 7͒ where appreciable dissociation occurs. It's unlikely that the first vdW excitation contributes to the experimental results, and so we discuss n i ϭ0. Table IX lists results for Jϭ0, 1, and 2. Experimental estimates for v i ϭ18 and 21, due to Burke and Klemperer, 4͑b͒ are also listed. K v i ,n i ϭ0 J parallels the behavior of the major resonances ͑those with largest w i ͒ in Tables I, VII, and VIII. For  example, Table IX also includes the rate constants associated with the major resonances for Jϭ0, and we see that the average over other resonances, K Jϭ0 in the next column, is qualitatively similar. However, averaging over the other resonances generally produces larger rate constants, and also tends to smooth out the oscillations with v i a bit. The Jϭ1 and 2 results in Table IX are quantitatively different, but qualitatively similar to the Jϭ0 results. For example, v i ϭ19 is always a local minimum. This suggests that despite sensitivity to details, important features of the IVR effect persist in the low J limit. We also note, at least for Jϭ1, that averaging over all relevant symmetry blocks still does not average out the oscillations. The Jϭ1 rate constants, averaged over n i ϭ0 resonances in the oϪ, eϪ, and eϩ symmetry blocks, are Ϸ4, 1, 3, and 11 ns
Ϫ1
, for v i ϭ18, 19, 20, and 21. These results are similar to just the eϪ Jϭ1 results of Table  IX .
The experimental results in Table IX experiments are carried out in supersonic beams with finite temperatures perhaps on the order of 5-10 K. This corresponds to kTϷ1-3 cm Ϫ1 and allows for many J states to contribute. The average rotational constant for ArI 2 is Ϸ0.023 cm
, which suggests that J values as large as 10 ͑and probably much larger͒ could be important. We thus have insufficient information to construct a proper statistical average over J. As noted in Sec. II, higher J dynamics calculations are computationally demanding. However, parallel computer architectures do allow such calculations to be considered and future work 26 will address explicitly whether or not higher J values will lead to more smoothly varying average VP rate constants.
V. CONCLUDING REMARKS
We presented a detailed quantum study of ArI 2 (v i ) VP for several values of v i and total angular momenta Jϭ0, 1, and 2. On a theoretical level, our results are useful benchmarks for the development of both approximate and accurate dynamical methods for studying resonances and rotational effects in chemical reactions. With respect to ArI 2 itself, we find VP is always mediated by IVR in the sparse limit and direct fragmentation of the complex is unlikely. The degree of mixing between the zero-order states is sensitive to v i , producing large oscillations in the VP rate. As seen in Sec. IV C, our low J results for the v i ϭ18 and 21 VP rate constants are in reasonable accord with experimental estimates.
4͑b͒ However, Sec. I noted secondary experimental evidence 4͑b͒ that the VP rate constant may increase monotonically with v i , which is not the case in our calculations.
The theoretical VP oscillations should disappear if IVR occurs in a statistical limit. 12, 13 Sec. III C showed, despite sensitivity of the results to potential parameter variations, that it is unlikely plausible changes of the potential parameters can accomplish the required increase in dark state density. However, recent work 27 on HeCl 2 poses questions regarding the accuracy of atom-atom forms for the potential. While it is unclear if such conclusions can be transferred to a more bonded system such as ArI 2 , it may be that a more drastic change in the form of the potential could significantly alter the density of states and intramolecular coupling. For example, an inadequacy of the current potential is that it does not allow for a collinear minimum. A linear isomer may exist, although it may not be as deep on the B state as the X state.
4͑a͒ Depending on the barrier between linear and T-shaped geometries, a linear minimum could affect the density of states.
The VP resonance widths can change significantly as J is increased from 0 to 2. This implies an average over many J could wash out oscillations of the VP rate constants. However, as shown in Sec. IV C, Jр2 is insufficient to accomplish it, at least for the symmetry blocks considered. Inclusion of other, relevant symmetry blocks in defining average rate constants, particularly at the higher J values, will help to average out the oscillations. In addition, as J increases, the density of states also increases. Since ͑Sec. IV͒ Coriolis coupling strongly mixes different ⍀, the IVR could become statistical in the limit of higher J. Thus, even for a given symmetry with high J it might be possible to achieve a more smoothly varying VP rate constant. Of course, as the statistical limit is approached the resonances become not only energetically denser, but their widths begin to overlap, leading to potentially interesting features. 28, 29 Our current work is aimed at addressing such issues. 26 It is also possible that coupling VP with EP might also have a smoothing effect. However, as noted in Sec. I, EP is itself very sensitive to v i . Furthermore, in a first approximation the effect of EP would be to lead to certain energy shifts and other changes in the details of the IVR mechanism, but it would not destroy the qualitative phenomenon.
Assuming our model is correct, VP in ArI 2 at low J always takes place via a few state IVR mechanism that should lead to large oscillations in VP rate constants. Our model and conclusions could be checked by performing experiments at very low temperatures. In particular, real-time studies 3 of the total predissociation rate for a variety of initial vibrational excitations v i would be very helpful. 
APPENDIX: ANALYTICAL MODEL FOR IVR MEDIATED DISSOCIATION
We generalize previous IVR mediated VP models 15 to include n b Ͼ2 bound states. We use Green's operator and projection operator ideas similar to treatments of related problems. [29] [30] [31] In the zero-order picture one has n b ''bound'' states associated with certain of the discrete states, Eq. ͑9͒, that are close in energy. For example, the zero-order picture for ArI 2 involves n b ϭ3 bound states with one discrete state corresponding to v i quanta in I 2 and zero-point motion in the vdW degrees of freedom, and the other two bound states corresponding to v i Ϫ1 and v i Ϫ2 quanta in I 2 and substantial excitations in the vdW modes. The model allows for intramolecular coupling between these states, and allows for each state to have a decay width associated with fragmentation. In the first-order model, the discrete states are taken to be linear combinations of the zero-order ones that make the intramolecular coupling zero.
Discrete, ⌽ k , and dissociative, ⌽ ␤E , states are used to define projection operators P and Q, respectively, which satisfy the usual rules PϩQϭ1, PQϭ0, P 2 ϭ P, Q 2 ϭQ. The functions inside the discrete subspace P are coupled by V, Eq. ͑5͒, so that we consider the coupling scheme,
We assume the continuum subspace is such that
͑A2͒
In ArI 2 , ␤ labels asymptotic quantum numbers associated with ArϩI 2 ͑e.g., v, j, and ⍀͒, and we assume n c such continua are present. In this case the v i Ϫ3 vibrational channel is the most important one, and there is little error in associating the n c continua with v i Ϫ3 and the various possible j and ⍀ values. The two subspaces are coupled by V ͗⌽ k ͉H͉⌽ ␤E ͘ϭ͗⌽ k ͉V͉⌽ ␤E ͘ϭV k,␤E .
͑A3͒
The bright state is expanded as ϭ ͚ k n b ␣ k ⌽ k , and the spectrum is
where ⌿ ␤E are exact solutions of the total Hamiltonian, which can be expressed in terms of the zero-order solutions using the Lippmann-Schwinger equation 32 as
with G(E) being the Green's or resolvent operator. 32 Equation ͑A4͒ becomes
͑A6͒
The time evolution of the bright state is ⌿͑t ͒ϭe
The amplitudes
are used to construct the relevant time-dependent probabilities. For example, the probability of remaining in the bright state is ͉͉͗⌿(t)͉͘ 2 , and the dissociation probability is 1ϪP P (t), where P P (t)ϭ ͚ k ͉͗⌽ k ͉⌿(t)͉͘ 2 is the probability of remaining in the discrete subspace. Equations ͑A6͒ and ͑A8͒ require the resolvent operator matrix elements in the discrete subspace. These matrix elements are obtained from
where the R(z) is the displacement operator, which has matrix elements
V k j , Eq. ͑A1͒, accounts for direct coupling between discrete zero-order states. ⌫ k j ϭ ͚ ␤ V k,␤E * V j,␤E has two meanings:
for kϭ j it is the halfwidth associated with an isolated state coupled to a manifold of continuum states, while for k j it is an indirect coupling between different zero-order bound states due to their dissociation in the same continuum. The indirect coupling has been discussed in detail previously 
͑A11͒
The G k j matrix elements are thus of the form
det(F) is a polynomial of degree n b in z and has n b complex roots, k , so that Eq. ͑A8͒ may be integrated in the complex plane to obtain
Introducing Eq. ͑A12͒ in Eq. ͑A6͒, expressions for the spectrum are obtained. While we assume n c continua, the resulting final expression for the spectrum involves sums over n c that collapse into the model parameters. The difficult part is calculation of det(F), adj(F) and the n roots. For n b р3 they are obtained analytically; n b ϭ2 explicit expressions of the spectrum, (E), and vibrational populations are obtained. 15͑b͒ For n b Ͼ3 the required quantities are obtained numerically.
Two discrete representations are considered. In the first one, called the zero-order model, H is factorized as in Eq. ͑5͒ and the zero-order bound states are
The bright state is a particular one with vϭv i and nϭn i so that the ␣ i coefficients in Eq. ͑A4͒ are all zero except the one corresponding to this state. The parameters needed are the energy positions, E k , and halfwidths, ⌫ kk , of the n b zeroorder bound states, plus the n b (n b Ϫ1)/2 coupling terms of the type ϪV k j ϩi␥ k j (⌫ kk ⌫ j j ) 1/2 . We first determine an approximate idea of the parameters by fitting only the spectrum. We then vary the parameters to simultaneously describe both the spectrum and relevant time-dependent vibrational probabilities. The resulting parameters are by no means unique, and adding more parameters can improve the quality of the fits. However, our main point is to show that just a few states ͑and thus parameters͒ serve to semiquantitatively reproduce both the spectra and time-dependent probabilities. A problem is that the fits are very sensitive to the couplings V k j . As the number of participating discrete states becomes larger than three, the increase in the number of V k j parameters makes the fitting procedure numerically difficult. It is thus convenient to consider a second representation, the first-order model, in which V is diagonal in the discrete subspace. Instead of Eq. ͑A14͒, one employs discrete states
which are assumed to be such that V k j ϭ0 for k j. The initial state is then a linear superposition of the first-order states, with ␣ k ϵ ␣ k,vϭv i ,nϭn i . The parameters to be adjusted are less sensitive and instead of fitting the n b (n b Ϫ1)/2V k j coupling terms only n b ␣ k coefficients are needed. While the reduction of parameters facilitates the fitting procedure, only the the bright state and dissociation probabilities can then be obtained.
